Conversion of pre-mRNAs into mature mRNAs includes several consecutive enzymatic modification steps that are carried out in the spliceosomes. Helicases have been shown to contribute to these catalytic processes both in yeast and in mammalian cells. Our results identify the mammalian protein MAH (matrix-associated helicase) as a new helicase present in the spliceosome complex. Sequence comparison describes MAH as the first higher eukaryotic member of the helicase superfamily I, with demonstrated enzymatic activity. Because MAH does not bind small nuclear ribonucleoproteins (snRNPs), it appears to be a non-snRNP binding factor of the splicing complex. In conclusion, our data suggest the involvement of MAH in processing of pre-mRNAs in mammalian cells.
Pre-mRNA maturation takes place in macromolecular complexes denoted the spliceosomes (1-3), which are characteristic structural components of the nuclease and high salt resistant part of the nucleus called nuclear matrix (4) . The spliceosomes are composed of four small nuclear ribonucleoproteins (snRNPs) (5) , and a large but as yet unidentified number of non-snRNP protein factors that do not bind small nuclear RNA (snRNA) (6) . The snRNP particles consist of common proteins (also designated Sm proteins) that are associated with all snRNPs, and snRNP-specific proteins (7) . The spliceosome proteins execute the precise cleavage and ligation steps generating mature mRNA that include the preparation of RNA for splicing, selection of splicing sites, catalysis of structural modifications of the RNA, ligation of spliced RNA ends, and production of mature RNA (7) .
Helicases catalyze the unwinding of double-stranded DNA and RNA sequences by disrupting the hydrogen bonds between the two strands (8) . They are thought to be involved both in DNA and RNA metabolism, including RNA splicing. Helicases are structurally characterized by the presence of several consensus sequence motifs that delimitate specific superfamilies (9) (10) (11) (12) . Several proteins of superfamily II with DEAD͞H box typical for putative RNA helicases have been identified as splicing factors. These include members of the Prp family in Saccharomyces cerevisiae (13) (14) (15) (16) (17) as well as the mammalian proteins HRH1 (18) , HEL117 (19) , and U5-200kD (20) . In contrast, involvement of superfamily I helicases in pre-mRNA splicing has not been described yet.
Here we report the association of a new mammalian superfamily I helicase called MAH (matrix-associated helicase) with the pre-mRNA splicing complex. Our data suggest that MAH is a non-snRNP binding factor of the spliceosomes that may be involved in the processing of pre-mRNAs in mammalian cells.
MATERIALS AND METHODS
Cell Culture. Mouse A31 fibroblasts, HeLa, and 21PT human epithelial cells were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum, 4 mM glutamine, 0.4 unit͞ml penicillin, and 0.4 g͞ml streptomycin.
Library Screening, Antibody Production, Protein Purification, and in Vitro Translation. gt11 cDNA libraries prepared from NIH 3T3 fibroblasts were used for expression screening with a concatemer 32 P-labeled oligonucleotide probe (21) corresponding to the MT3 protein binding site of the mouse thymidine kinase promoter (Ϫ43 bp͞Ϫ28 bp) (22, 23) .
The recombinant C12 fragment of MAH (between amino acids 222-379) was expressed in the JM109 strain of Escherichia coli, using the pGEX-KG prokaryotic expression vector (24) . Purification and adsorption to glutathione beads was carried out as described (25) . The eluted C12 protein was used to produce a polyclonal rabbit antiserum (Hazleton Research Products, Denver, PA). Sonicated A31 cell extracts were then prepared and used for C12 antibody coupled purification of MAH by AminoLink column as suggested by the manufacturer (Pierce). To eliminate coelution of contaminating proteins, the column was washed with a linear gradient of 1-3 M KCl before elution with glycine buffer.
[ 35 S]Methionine-labeled in vitro translated MAH protein was synthesized with the TNT-coupled reticulocyte lysate translation system (Promega) using full-length MAH cDNA as template.
ATPase and GTPase Assays. ATPase activity was measured as described (26) . The autoradiograms were evaluated by an imaging densitometer (model GS-700) and analyzed with MOLECULAR ANALYSIS software (Bio-Rad). The ATPase activity was expressed as the amount of ATP converted to ADP. GTPase activity was determined in analogous experiments using GTP instead of ATP.
Helicase Assays. The standard reaction mixture (20 l) contained 50 mM Tris (pH 7.8), 7 mM MgCl 2 , 5 mM DTT, 200 g͞ml bovine serum albumin, 1 mM ATP, various amounts of purified MAH protein, and 32 P-labeled short double-stranded substrates (26, 27) . The reaction mixtures were incubated at 30°C for 40 min, and the reaction was stopped by addition of 2.5 l of a solution containing 40% glycerol, 40 mM EDTA, 1% SDS, and 0.25% bromophenol blue. Single-and doublestranded DNAs were separated on 12% nondenaturing polyacrylamide gels and the displacement of the radioactive oligonucleotide was analyzed by autoradiography.
Substrates for helicase assays were prepared as described (26) . Briefly, substrate I, a 30-mer oligonucleotide, complementary to nucleotides between 6257-6287 from the multiple cloning site of mp18͞pUC18, was 5Ј-end labeled with T4 polynucleotide kinase plus [␥-32 P]ATP. Then it was equimolarly annealed to single-stranded M13 mp18 circular plasmid DNA (see Fig. 2C ). Substrate II consists of substrate I linearized with HincII (see Fig. 2E ). Substrate III consisted of the above 30-mer oligonucleotide first annealed to single-stranded M13 mp18 circular plasmid DNA and then digested with SphI, resulting in a partially double-stranded DNA with cohesive ends. The 3Ј end of the 20-mer fragment was then radioactively labeled, using the Klenow fragment and [␣-
32 P]dATP (see Fig.  2E ).
All substrates were purified from unincorporated nucleotides in two steps. First, they were purified by gel filtration through a Quick Spin G-25 or G-50 column (Boehringer Mannheim), and then by diluting and reconcentrating twice in 2 ml TE buffer (10 mM Tris, pH 7.5͞1 mM EDTA).
Immunocytochemistry. HeLa or 21PT cells grown on coverslips were fixed in 2% paraformaldehyde for 10 min and permeabilized with 0.5% Triton X-100 for 5 min. In certain experiments the cells were permeabilized twice; first, the living cells were treated with 0.05% Triton X-100 on ice for 10 min before fixation, and then permeabilized again as above. Cells were then directly processed for antibody staining or before that treated with DNase I and RNase. Blocking and antibody treatments were carried out in PBS containing 1% BSA and 5% normal rabbit serum. Cells were incubated with the primary antibodies overnight at 4°C, and then stained with the appropriate secondary antibody conjugated with rhodamine or fluorescein isothiocyanate (FITC). Simultaneously, DNA was visualized by 4Ј,6Ј-diamidino-2-phenylindole (DAPI). Immunofluorescence was analyzed with LSM 410 confocal laser scanning microscope (Zeiss). The images were printed with Fujix Pictography 3000 color printer using Adobe Photoshop software.
Splicing Assay. HeLa nuclear extracts were combined with in vitro-transcribed, capped, and uniformly 32 P-labeled premRNA substrates PIP85A (28) or ␤-globin (Promega) for in vitro splicing assay, essentially as described (29) (30) (31) . Protein A beads were coated with the indicated antibodies, then combined with the splicing reaction mixture in IP100 buffer (32) . Immunoprecipitated RNA was then recovered by elution with proteinase K buffer, ethanol precipitated, and resolved on polyacrylamide (1:30 bisacrylamide͞acrylamide)͞8 M urea gel.
RESULTS

Identification of a DNA Binding Protein with Putative
Helicase Motifs. We have cloned a gene, designated as MAH, by screening a cDNA expression library with an oligonucleotide probe corresponding to the MT3 protein binding element of the mouse thymidine kinase promoter. Searching the database, MAH was found to be identical to the mouse immunoglobulin switch region binding protein Smbp2 (33) . Both the human and hamster counterparts of MAH͞Smbp2 have already been cloned (34, 35) , and it was also described that 45-kDa glial factor 1 is equal to the middle part of MAH͞ Smbp2 (36) . Smbp2, its counterparts, and glial factor 1 have been shown to carry putative helicase motifs, although their possible helicase activity had not been yet demonstrated.
In addition to published data by others, our detailed database search revealed that MAH is homologous to members of the helicase superfamily I which includes the S. cerevisiae protein Upf1. Interestingly, Upf1 is an active DNA͞RNA helicase and is involved in nonsense mRNA decay (37, 38) . This homology with Upf1 and related proteins, and the presence of putative helicase motifs in MAH, suggested that MAH may have a general role in DNA͞RNA metabolism.
Therefore, first we wanted to know if MAH presents helicase activity. To this end, we expressed MAH in Sf9 cells with baculovirus and in E. coli; however, we did not yield enough protein for systematic studies because of the low expression level and the limited solubility, respectively. Then we raised a rabbit polyclonal antibody against a 157-amino acid long piece of MAH named C12. The C12 antibody identified a single polypeptide on Western blot, with an apparent molecular weight of 106 kDa (Fig. 1A) , which is close to the calculated molecular weight of MAH (97 kDa), and equal to that of the in vitro-translated protein (Fig. 1B) . The specificity of C12 was confirmed with using preimmune or protein A depleted sera that did not react with any protein on immunoblot (data not shown). Therefore, we used the C12 antibody to purify MAH protein from A31 cell extract by affinity column. The antibodyaffinity purified MAH protein gave a single polypeptide band in the expected molecular weight range both on silver stained gel and on Western blot in fractions 2-6 ( Fig. 1 C and D) .
Purified MAH Is an Active Helicase. After confirming the identity of the fraction, we used the pooled fractions of purified MAH protein to study its enzymatic activity. The ability to hydrolyze NTPs and unwind nucleic acids are two important features of a functional helicase. Therefore, to characterize MAH, we used the purified protein for measuring NTP hydrolytic and DNA unwinding activities in vitro. Consistent with the presence of type I helicase motifs (33), MAH hydrolyzed both ATP and GTP in a DNA and Mg iondependent manner (Fig. 2 A and B) . The ATP͞GTP hydrolysis activity was also identified with recombinant MAH obtained from prokaryotic expression. The K m values of ATP and GTP hydrolysis by MAH (90 and 37 M, respectively) were similar to those of the yeast homologue Upf1 (37) .
The unwinding activity was determined with an in vitro helicase assay using different substrates. A partially doublestranded DNA (substrate I) was efficiently unwound by MAH, resulting in the displacement of the radioactive strand (Fig.  2C) . In contrast, MAH was inactive both with completely double-stranded linear DNA or with nicked circular DNA (data not shown). The specificity of the reaction was confirmed by preincubating MAH with C12 antibody which inhibited the unwinding (Fig. 2C, lane 5) , whereas preimmune serum did not have any influence (Fig. 2C, lane 4) . The helicase activity of MAH was dependent on ATP, because replacing ATP with its nonhydrolyzable analogue (ATP-␥S) strongly interfered with dislocation of the 30-mer fragment (Fig. 2D, lanes 4 and 5) . Besides ATP, MAH also required the presence of Mg ions in the reaction buffer (Fig. 2D, lane 6) .
To determine the directionality of the unwinding activity, partially double stranded linear DNA substrates (substrates II and III) were created from M13 mp18 single-stranded DNA and end-labeled at different short duplex ends by 32 P (Materials and Methods and Fig. 2E ). Addition of MAH to these substrates resulted in displacement of the 20-mer from substrate II (Fig. 2E, lane 3) , but not from substrate III (Fig. 2 E, lane  6) . Because double-stranded DNA with blunt ends did not serve as substrate for MAH in the unwinding reaction, the 20-mer fragment was released from substrate II only from the 3Ј single-stranded end.
In summary, MAH displays helicase activity on a partially double-stranded DNA substrate in unipolarity to the 3Ј 3 5Ј direction, as referred to the single-stranded DNA region.
MAH Is Localized to the Nuclear Matrix. The homology with yeast proteins and the helicase activity suggest that MAH plays a role in RNA metabolic events. Because proteins involved in these events show characteristic cellular localiza- tion (39), we next determined the subcellular distribution of MAH by immunostaining. Incubation with C12 antibody stained the nuclei with prominent punctuate immunofluorescence, but also showed discrete foci in the cytoplasm with some perinuclear accumulation (Fig. 3 a and aЈ) . In addition, all interphase cells were labeled uniformly, and no cell cycledependent redistribution of nuclear and cytoplasmic MAH was observed. MAH staining completely disappeared when the antiserum was depleted with purified MAH protein (data not shown), confirming the specificity of the reaction. Pretreatment of cells with 0.05% Triton-X-100 before fixation removed the cytoplasm, and the nuclear localisation of MAH became more visible (Fig. 3 b and bЈ) . MAH proteins in the nuclei accumulated into bright speckles typical for proteins involved in mRNA splicing (39) . The speckles were dispersed equally throughout the whole nucleus, but they were excluded from nucleoli. When cells were further extracted with high concentration of salts and digested with nucleases, the DNA content was released, resulting in the disappearance of DAPI staining. Interestingly, however, MAH staining was retained, suggesting the association of MAH with the nuclear matrix (Fig. 3 c and cЈ and d and dЈ) . This localization was further supported with biochemical fractionations when more than 50% of MAH remained in the salt and nuclease resistant fraction (data not shown).
In conclusion, MAH can be detected both in the cytoplasm and in the nucleus; moreover, the nuclear MAH is tightly bound to the nuclear matrix. Because of this association with the nuclear matrix, this protein has been named MAH (matrixassociated helicase).
MAH Is Colocalized with Splicing Factors. Because nuclear speckles are enriched in pre-mRNA splicing factors (39) , and because MAH was distributed in speckles in the nucleus, we considered the possibility that MAH contributes to mRNA splicing. To support this hypothesis, we first made a direct comparison of the relative subnuclear locations of MAH and SC-35, a well-defined pre-mRNA splicing factor (40) , by simultaneous staining with anti-MAH and anti-SC35 antibodies combined with FITC or rhodamine-conjugated secondary antibody treatments, respectively (Fig. 4 a, aЈ, and aЉ) . Confocal images of cells stained with anti-MAH (Fig. 4a) and anti-SC35 (Fig. 4aЈ) antibodies showed similar staining pattern in the nucleus. Moreover, superimposition of the red and green images in the third column (Fig. 4aЉ ) identified the precise colocalization of anti-MAH and anti-SC35 stained speckles, represented by areas of yellow coloration. Identical results were obtained with antibodies against two other non-snRNP splicing factors, B1C8 and B4A11 (41) , which, like MAH, are nuclear matrix antigens (data not shown). Thus it appears that MAH colocalizes with three different non-snRNP splicing factors described earlier, and is found in the same nuclear compartment.
Association of MAH with the pre-mRNA Splicing Complex. Colocalization with splicing factors suggests that MAH is present in spliceosomes and may be involved in pre-mRNA processing. Therefore, we investigated the interaction of MAH with pre-mRNA splicing complexes assembled in vitro. First, (a and aЉ) , whereas an FITC-conjugated secondary antibody was used to visualize anti-SC35 (aЈ and aЉ) antibodies. The staining pattern was examined with a confocal laser beam microscope. the PIP85A pre-mRNA splicing reaction mixture was immunoprecipitated with C12 antiserum, and then the RNAs were recovered from the immunoprecipitate and analyzed with urea͞polyacrylamide gel electrophoresis. The C12 antiserum consistently immunoprecipitated all RNA products, including the precursor RNA, the lariat intermediates, the lariat and the final products (Fig. 5, lane 5) . Importantly, the C12 antiserum was as efficient as the positive control Sm and B1C8 antibodies (lanes 5 versus 6 and 7). Because polyclonal sera may react with splicing factors, we used preimmune serum derived from the same animal as C12 and nonrelated anti-thymidylate synthase antiserum as controls. Neither the preimmune serum nor the anti-thymidylate synthase antiserum could immunoprecipitate pre-mRNA precursors or their processed products (lane 4 and data not shown). In addition, the protein A purified C12 antibody was as effective as the nonpurified C12 antibody in immunoprecipitating the splicing complexes (data not shown), further confirming the specificity. A similar pattern of immunoprecipitations was seen with the sequence nonrelated ␤-globin pre-mRNA complex, and again the C-12 antiserum appeared to be as efficient as the positive control anti-B1C8 (data not shown).
To analyze the possible direct interaction between MAH and the snRNAs of spliceosomes, HeLa nuclear extracts were immunoprecipitated with C12 antiserum, and coimmunoprecipitation of MAH with snRNAs was measured by Northern blot analysis. Unlike the anti-Sm antibody, the C12 antiserum did not immunoprecipitate detectable amount of snRNAs (data not shown), suggesting that MAH is a non-snRNP splicing factor.
In summary, these data together suggest the specific association of MAH with in vitro-assembled spliceosomes without direct association between MAH and snRNAs.
DISCUSSION
We have identified the mammalian helicase MAH as a new component of the pre-mRNA splicing complex. Involvement of helicases in pre-mRNA splicing has already been reported both in yeast and mammalian cells. In S. cerevisiae the DEAD͞H box protein family members Prp2, Prp5, Prp16, Prp22, and Prp28 have been implicated in the splicing reactions (13) (14) (15) (16) (17) . These enzymes modify the structure of pre-mRNAs and prepare them for the catalytic steps. They may also help for spliceosome disassembly by releasing snRNA from the snRNP particles (7) .
The large number of putative helicases involved in yeast pre-mRNA splicing predicts that several helicases may function as splicing factors in mammalian cells. First, the ability of the human RNA helicase I (HRH1) to restore splicing activity of the temperature sensitive phenotype of the Prp22 yeast mutant has been demonstrated (18) . Then another putative mammalian helicase, HEL117, has been cloned from rat and was suggested to participate in pre-mRNA splicing (19) . Recently, U5-200kD and its yeast homologue Snu246 were shown to be the first putative RNA helicases as intrinsic components of snRNPs (20) .
Comparison of sequences of the above listed superfamily II splicing helicases with MAH, however, did not describe a clear homology. On the other hand, our search of databases for MAH-related proteins revealed that MAH is homologous rather to a group of helicases designated helicase superfamily I (9). This protein group includes Upf1, an activator of nonsense mRNA decay (37, 38), Rent-1, which appears to be a mammalian functional homologue of Upf1 (42), Sen-1, a positive effector of tRNA splicing endonuclease (43) , and Mov-10 with unknown function. Although the overall identity between MAH and these proteins does not exceed 30%, the helicase motif regions are much more similar, with an identity of up to 90%.
MAH presents especially strong structural as well as functional similarities to the S. cerevisiae protein Upf1, the most well-characterized member of this group of helicases. MAH and Upf1 have strongly homologous helicase motifs with 65% identity, and carry a DEAD͞H box-like motif typical for RNA helicases which is DEcAq in MAH and DEstq in Upf1. Consistent with this, both MAH and Upf1 have similar NTP hydrolysis kinetics, affinity to single-stranded DNA and unwinding activity on partially double-stranded DNA. Upf1 was also shown to have RNA helicase activity (37). Our attempts FIG. 5 . MAH is present in the in vitro-assembled pre-mRNA splicing complex. HeLa nuclear extract was incubated with 32 P-labeled PIP85A splicing substrate for 40 min at 30°C, and then equal volumes of splicing complexes were immunoprecipitated with the indicated antibodies. RNAs were separated on 15% polyacrylamide͞urea gel. Lanes 1, in vitro-transcribed PIP85A pre-mRNA; 2, molecular weight marker, [␥- 32 with MAH to demonstrate RNA helicase activity have failed thus far, possibly due to the stringent sequence and͞or structural requirements in RNA helices that are difficult to mimic in vitro in the absence of assembling spliceosome. For similar reasons, RNA helicase activity has not been yet demonstrated with the yeast RNA helicases of the Prp family involved in RNA splicing (7) . Disruption of the UPF1 gene results in stabilization of nonsense-containing mRNAs and leads to a nonsense suppression phenotype, suggesting the involvement of Upf1 in nonsense mRNA decay (44) . This function is accompanied with a cytoplasmic localization of Upf1. Because MAH was found to be present in the cytoplasm with immunostaining, it might have a similar function in mammalian cells. In contrast to Upf1, a significant part of MAH is localized to the nuclear matrix. This nuclear MAH is colocalized with splicing factors, and the spliceosomes from nuclear extracts can be coimmunoprecipitated with MAH using an anti-MAH antibody. These data suggest that in addition to a possible cytoplasmic role, MAH as a helicase may contribute to the regulation of pre-mRNA splicing in the nucleus.
MAH resembles non-snRNP binding factors of the splicing complex because it does not associate with snRNAs, as determined by an immunoprecipitation assay combined with Northern blot analysis. Consistent with this, the molecular weight of MAH is significantly different from all snRNP binding proteins, except for two (102 and 110 kDa) present in the U5 snRNP particle (45) . Although these two proteins have not been cloned yet, they do not seem to be identical with MAH, because the helicase activity in this complex is attributed to another already cloned helicase (U5-200kD) (20) . In addition, MAH does not have any motifs typical for Sm proteins and cannot be immunoprecipitated with anti-Sm antibody (46, 47) , confirming that MAH is not a common snRNA binding protein.
In conclusion, we have identified MAH as a non-snRNP binding factor present at least transiently in the mammalian splicing complex. We propose that MAH contributes to premRNA splicing carried out in the nuclear matrix, most probably via its helicase activity. Because MAH is also present in the cytoplasm, it may have an additional function-possibly similar to that of the yeast homologue Upf1-in the metabolism of mRNAs.
